Interaction between the programmed cell death ligand 1 (PD-L1) and programmed cell death 1 (PD-1) contributes to tumor cell resistance to chemotherapeutic agents. PD-L1 is expressed in the cells of diffuse large B-cell lymphoma (DLBCL), one common type of malignant non-Hodgkin lymphomas. However, little is known about how the PD-1/PD-L1 pathway functions in the pathogenesis of DLBCL. Therefore, the present study investigated whether and how the PD-1/PD-L1 axis is involved in regulating the sensitivity of CRL2631, a DLBCL cell line, to the CHOP (Cyclophosphamide, Hydroxydaunorubicin/adriamycin, Oncovin/vincristine and Prednisone) chemotherapeutic regimen. CHOP treatment significantly decreased cell survival rate and increased apoptosis in CRL2631 cells. The application of recombinant human PD-1 (rPD-1) significantly decreased the cytotoxic effects of the CHOP regimen in CRL2631 cells, but not in the CRL2631 cells with PD-L1 deficiency. In the CRL2631 cells, rPD-1 enhanced the activity of the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt1) pathway. However, the activity level of the PI3K/Akt1 pathway was decreased in CHOP-treated CRL2631 cells. The selective PI3K inhibitor BKM120 significantly increased CHOP-induced apoptosis, but this effect was abolished by rPD-1 and aggravated by PD-L1 knockdown. In CHOP-treated PD-L1 knockdown cells, the increased apoptosis was markedly inhibited by the overexpression of constitutively active Akt1. Overall, the results demonstrate that the over-activated PD-1/PD-L1 axis is associated with chemotherapeutic resistance of DLBCL cells to the CHOP regimen, potentially through a PI3K-dependent mechanism.
Introduction
Diffuse large B-cell lymphoma (DLBCL), a malignant tumor of B cells, is the most common histological type of non-Hodgkin lymphomas (NHLs) among adults (1) . In pediatric patients, DLBCL accounts for ~10% of NHLs (2) . The major combined chemotherapeutic regimen represented by CHOP (Cyclophosphamide, Hydroxydaunorubicin/adriamycin, Oncovin/vincristine, and Prednisone) significantly improved the outcome of adult patients with DLBCL, with a cure rate of 40-50% (3, 4) . However, children with DLBCL usually require a more specific treatment approach, due to their inferior outcomes that may result from different cell origins, genetic abnormalities and poor responsiveness to CHOP regimens (2) . Resistance to the standard CHOP treatment remains a challenge in the cure of DLBCL. Therefore, investigating the molecular mechanisms by which patients with DLBCL acquire resistance to CHOP regimens requires additional study, to develop more specific chemotherapeutic agents.
Programmed death 1 (PD-1), also known as cluster of differentiation (CD)279, is an immune receptor belonging to the immunoglobulin superfamily (5, 6) . PD-1 is expressed on several immune cells, particularly activated T cells, B cells and myeloid cells, to modulate their activation or inhibition (6) . PD-1 has two ligands, programmed death ligand 1 (PD-L1), also known as B7 homolog 1 or CD274, and PD-L2 (B7-DC or CD273). PD-L2 is expressed predominantly on macrophages and dendritic cells, whereas PD-L1 is expressed on tumor cells and other immune cells (5, 6) . It was demonstrated that the inhibitory effect of PD-1 is accomplished through a mechanism of providing immune escape for tumor cells by inactivating cytotoxic T cells or inhibiting tumor cell apoptosis. In renal cell carcinoma, it was identified that high levels of PD-L1 expression in tumor cells was associated with increased tumor aggressiveness (7) . Previously, we demonstrated that the expression level of PD-1 on T cells was increased during co-culture with lymphoma cells, including Epstein-Barr virus (EBV) + DLBCL and EBV -DLBCL cells, leading to a reduction of the proliferation of T cells (8) . Notably, decreased proliferation of T cells was significantly restored by PD-1-blocking antibodies, particularly when the T cells were co-cultured with EBV + DLBCL cells (8) . However, little is known about how the PD-1/PD-L1 pathway functions Over-activated PD-1/PD-L1 axis facilitates the chemoresistance of diffuse large B-cell lymphoma cells to the CHOP regimen in the pathogenesis of DLBCL. In the present study, whether and how the PD-1/PD-L1 axis is involved in regulating the sensitivity of CRL2631, a DLBCL cell line, to the CHOP chemotherapeutic regimen was investigated. The key results suggest that an over-activated PD-1/PD-L1 axis may facilitate the development of chemotherapy resistance of DLBCL to the standard CHOP regimen through a phosphoinositide 3-kinase (PI3K)-dependent mechanism. Cell culture and treatment. CRL2631, a DLBCL cell line (American Type Culture Collection, Manassas, VA, USA), is negative for EBV, but belongs to the germinal center-B (GCB) subtype. CRL2631 cells were cultured in GlutaMAX™ RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.), 10 mM HEPES, 1 mM sodium pyruvate and 100 units/ml penicillin/streptomycin. For the in vitro CHOP treatment, cells were cultured at 37˚C for overnight in 96-well plates and then treated for the indicated time periods (0, 1, 2 and 3 days) with different concentrations (0, 10, 20, 40 and 80 ng/ml) of CHOP (Sigma-Aldrich; Merck KGaA). The ratio of the four drugs was 80 mg/5.5 mg/0.16 mg/11.1 mg (9-11). For PD-1 stimulation, cells were exposed to 7.5 µg/ml recombinant human PD-1 (rPD-1; R&D Systems, Inc., Minneapolis, MN, USA) in serum-free GlutaMAX™ RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc.) for 24 h prior to CHOP treatment (12) . To block PI3K/Akt1 signaling, the selective PI3K inhibitor (iPI3K) BKM120 (cat no. S2247; Selleck Chemicals, Houston, TX, USA) was applied at the indicated time points (12 or 48 h) and concentrations (0, 25, 50 and 100 µM). Three independent experiments were performed, and the non-treated cells were included as the controls.
Materials and methods

Antibodies
Knockdown assay. PD-L1 knockdown was achieved using the small interfering (si)RNA (Zhongshan Belling Biological Technology Co., Ltd, Zhongshan, China) targeting to human PD-L1 (siPD-L1: 5'-GAU AUU UGC UGU CUU UAU A-3'). The cells transfected with control siRNA (siCTL: 5'-UAA GGC UAU GAA GAG AUA C-3') that did not match to any human genes were included as the controls. The duplex siRNA (final concentration, 25 nM) was introduced into cells using RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc.). After 48 h, cells were collected for subsequent evaluation. Three independent experiments were performed.
Overexpression of constitutively active Akt1. The plasmid pcDNA3.1-Akt1 T308D/S473D was used to overexpress constitutively active Akt1 (Addgene, Inc., Cambridge, MA, USA; cat no. 14751). In the CRL2631 cells, siPD-L1 was introduced initially, according to the aforementioned procedure. A total of 8 h later, the cells were transfected with pcDNA3.1-Akt1 T308D/S473D using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). After 24 h, the cells were treated for 24 h with CHOP. Three independent experiments were performed, and the cells transfected with the blank vector pcDNA3.1 were included as the controls.
MTT assay. Cell proliferation was assessed using MTT assay (Thermo Fisher Scientific, Inc.), one of the most versatile and popular assays for the determination of cell growth rates. Briefly, 5x10 4 cells were resuspended in 100 µl PBS. Then, 10 µl 12 mM MTT stock solution was added. The cells treated with 100 µl PBS alone were included as the blank controls. Cells were incubated at 37˚C for 4 h. Subsequently, 100 µl SDS-HCl solution (1 g SDS in 10 ml 0.01 M HCl) was added to each well and incubated at 37˚C for 4 h. The absorbance was read at 570 nm using an ELISA plate reader. Three independent experiments were performed.
Apoptosis detection assay. As previously described (13), the level of active caspase 3 in 3 independent experiments was measured to assess apoptosis in live cells (FAB200; Cell Technology, Inc., Fremont, CA, USA). Briefly, cells were fixed at room temperature in 1X Fixative Solution for 15 min, and then re-suspended in 1% saponin (cat no. 47036; Sigma-Aldrich; Merck KGaA)/PBS. Rabbit anti-active caspase 3 antibodies (1:20) were added and incubated for 1 h at room temperature. Unstained cells were included as the blank controls. Following 3 washes with 1% saponin/PBS, fluorescein isothiocyanate-conjugated goat anti-rabbit IgG were applied (1:10) for 1 h at room temperature. Finally, 500 µl 2% bovine serum albumin (BSA; cat no. A9418; Sigma-Aldrich; Merck KGaA)/PBS was added to re-suspend the cells. Cells labeled with activated caspase 3 were detected by using flow cytometry (FACScan).
Western blotting assay. The western blotting assay from 3 independent experiments was performed as previously described (13) . Briefly, cells were lysed on ice using radioimmunoprecipitation assay buffer supplemented with protease and phosphatase inhibitors (Roche Diagnostics, Indianapolis, IN, USA). The total soluble fraction was obtained by centrifugation at 11,400 x g for 20 min at 4˚C. Protein concentration was quantified using a BCA assay (Thermo Fisher Scientific, Inc.). In total, 50 µg proteins of each sample were loaded on a 7.5 or 12% gel. Following SDS-PAGE, the proteins were transferred to a nitrocellulose membrane. To decrease the non-specific background, the membranes were incubated at room temperature for 1 h in blocking solution [5% non-fat dry milk or 5% BSA (cat no. A9418; Sigma-Aldrich; Merck KGaA) prepared in TBS containing 0.05% Tween-20 (TTBS)]. Primary antibodies including rabbit anti-PD-L1 antibody (1:250), rabbit anti-active caspase 3 antibody (1:500), mouse anti-total caspase 3 antibody (1:1,000), rabbit anti-phospho-PI3K p85
Tyr458 /p55 Tyr199 antibody (1:1,000), mouse anti-total PI3K (1:1,000), rabbit anti-phospho-Akt
Ser473
(1:1,000), rabbit anti-Akt1 antibody (1:1,000) and mouse anti-β actin antibody (1:5,000) were then added and incubated overnight at 4˚C. The membranes were washed 3 times in TTBS and horseradish peroxidase-conjugated goat anti-rabbit or mouse IgG (1:10,000; Thermo Fisher Scientific, Inc.) were applied for 1 h. The membranes were developed with the enhanced chemiluminescence reagent (Thermo Fisher Scientific, Inc.). The specific band was quantified using Image J 1.51p software (National Institute of Health, Rockville, MD, USA).
Statistical analysis. The data were analyzed using the GraphPad Prism 6.0 (GraphPad, Inc., La Jolla, CA, USA), and presented as the mean ± standard deviation. A one-way analysis of variance was used for the comparison of multiple groups with Tukey's multiple comparisons as a post-hoc test, and an unpaired Student's t-test for 2-group comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
PD-1/PD-L1 interaction decreases the cytotoxic effects of CHOP in CRL2631 cells.
Generally, CHOP is used as the first-line therapy in non-Hodgkin lymphoma (3, 4) . In the present study, the toxic effects of CHOP regimen on the cultured CRL2631 cells, a widely used DLBCL cell line, were explored. Following treatment with different concentrations (0, 10, 20, 40 and 80 ng/ml) of CHOP for 48 h, the MTT assay indicated a dose-dependent decrease in cell survival rate in CRL2631 cells compared to non-treated cells (Fig. 1A) . The CRL2631 cells were also treated with CHOP at the concentration 40 ng/ml for different time periods (0, 1, 2 and 3 days), and it was demonstrated that the application of CHOP led to a significant reduction of cell survival rate in a time-dependent manner (Fig. 1B) . Therefore, the concentration of 40 ng/ml and the treatment time period of 48 h were used in the present study, if not otherwise specifically indicated.
PD-1, also known as CD279, is a cell surface receptor belonging to the immunoglobulin superfamily and is expressed on T cells and pro-B cells. As an immune checkpoint, PD-1 serves an important role in downregulating the immune system by preventing the activation of T cells (12) . It was demonstrated that the inhibitory effect of PD-1 is accomplished through a mechanism of promoting apoptosis (12) . The present study applied rPD-1 (7.5 µg/ml) on CHOP-treated CRL2631 cells, and it was identified that CHOP-induced reduction of cell survival was significantly prevented by rPD-1 pre-treatment (Fig. 1C) , indicating that PD-1 overproduction may protect CRL2631 cells against CHOP induced injury. PD-1 binds to 2 ligands, PD-L1 and PD-L2, belonging to the B7 family (6) . PD-L1 is expressed in DLBCL cells, including CRL2631 (9, 11) . To examine the role of PD-1/PD-L1 axis in CHOP-induced CRL2631 injury, the expression of PD-L1 was knocked down by introducing the validated siRNA that specifically targets to human PD-L1 (14) . The western blotting assay verified that the PD-L1 protein level was significantly decreased by siPD-L1 at 48 h (Fig. 1D) . The effect of rPD-1 on preventing CHOP-induced reduction of cell survival as described in Fig. 1C was abolished in CRL2631 cells with PD-L1 deficiency (Fig. 1E) , suggesting a potential function of the active PD-1/PD-L1 axis in CHOP treatment-resistance in CRL2631 cells.
Additionally, the effects of the PD-1/PD-L1 axis on CHOP-induced CRL2631 apoptosis, as revealed by the levels of active caspase 3, was evaluated. The data from the flow cytometry analysis demonstrated that the rate of cellular apoptosis increased significantly in the CHOP-treated CRL2631 cells compared with the control, which was markedly prevented by rPD-1 pretreatment in CRL2631 cells, but not in the PD-L1-deficient CRL2631 cells ( Fig. 2A) . Similar results were also obtained from the western blotting assay, which indicated that the level of cleaved caspase 3 was upregulated in the CHOP-treated CRL2631 cells, which was prevented by rPD-1, but not by the conjoined treatment of rPD-1 and siPD-L1 (Fig. 2B) . Therefore, these data demonstrate that the over-activated PD-1/PD-L1 axis may decrease the cytotoxic effects of CHOP regimen on CRL2631 cells.
PD-1/PD-L1 interaction activates the PI3K/Akt1 pathway in CRL2631 cells.
At present, the PI3K/Akt1 pathway remains an important point of focus of studies in a number of studies in the field of cell biology due to its critical role in regulating diverse cellular functions including growth, proliferation, survival, and metabolism (15) . Akt1 is a key mediator of cell survival through direct inhibition of pro-apoptotic proteins including B-cell lymphoma 2-associated death promotor and caspase 3 (16) . The present study explored the activity status of the PI3K/Akt1 pathway by assessing the level of phospho-PI3K p85
Tyr458 /p55 Tyr199 and phospho-Akt Ser473 using a western blotting assay (Fig. 3A) . Following the application of 7.5 µg/ml rPD-1 at 37˚C, the levels of phosphorylated PI3K and Akt1 increased rapidly at 10 min, remaining increased at 30 min and 48 h, in CRL2631 cells (Fig. 3B) . Nevertheless, the increased levels of phospho-PI3K and phospho-Akt1 were not detected in the PD-L1-deficient CRL2631 cells (Fig. 3C) . This suggests that the interaction of PD-1 and its ligand PD-L1 may facilitate the activation of PI3K/Akt1 pathway in CRL2631 cells.
PD-1/PD-L1 interaction restores the PI3K/Akt1 activity level in CHOP-treated CRL2631 cells.
The activity level of the PI3K/Akt1 pathway was additionally evaluated in CHOP-treated CRL2631 cells, indicating that compared with the control, the phosphorylation levels of PI3K and Akt1 time-dependently decreased (Fig. 4A) . To investigate the effects of the PD-1/PD-L1 axis on the activity status of the PI3K/Akt1 pathway in CHOP-treated CRL2631 cells, CRL2631 cells were initially pre-treated with 7.5 µg/ml rPD-1 at 37˚C for 12 h. CHOP was then added and incubated for 24 h in the presence of rPD-1. In addition, CHOP was applied to the CRL2631 cells with PD-L1 knockdown. The western blotting assay indicated that the CHOP-induced reduction of the phosphorylated PI3K and Akt1 was prevented by rPD-1 (Fig. 4B) , but aggravated by PD-L1 knockdown (Fig. 5A) . Subsequent analysis revealed that the CHOP-induced cellular apoptosis was exaggerated by PD-L1 knockdown (Fig. 5B) . Consistently, cell survival rate was additionally decreased in the PD-L1 deficient CRL2631 cells (Fig. 5C ). These results imply that the PD-1/PD-L1 interaction may prevent the CHOP-induced reduction of the activated PI3K/Akt1 signaling in CRL2631 cells.
Overactive PD-1/PD-L1 axis results in chemoresistance of CRL2631 cells to CHOP treatment in a PI3K-dependent mechanism.
The function of the PI3K/Akt1 pathway was additionally investigated in the CHOP-treated CRL2631 cells. The selective PI3K inhibitor BKM120 was applied for 12 h at different concentrations (0, 25, 50 and 100 µM). The western blotting assay indicated that the phosphorylation level of its effector Akt1 was markedly decreased in a dose-dependent manner, particularly at 50 and 100 µM (Fig. 6A) . The effects of 50 µM of BKM120 on CHOP-induced apoptosis and cell survival were then evaluated. The data indicated that rPD-1 prevented CHOP-induced apoptosis, but that this effect was abolished by the application of BKM120 (Fig. 6B) . Consistent with this, rPD-1 prevented the reduction of cell survival in the CRL2631 cells treated with CHOP, but not in the cells treated with both CHOP and BKM120 (Fig. 6C) . To additionally elucidate the role of Akt1, constitutively active Akt1 (pcDNA3.1-Akt1
) was overexpressed in CHOP-treated CRL2631 cells with or without PD-L1 knockdown (Fig. 6D) , and the effect of this constitutively active Akt1 on CHOP-induced apoptosis was analyzed. The results suggest that in the CHOP-treated PD-L1 knockdown cells, the increased apoptosis was markedly prevented by the overexpression of constitutively active Akt1 (Fig. 6E) . Therefore, these data demonstrate that the over-activated PD-1/PD-L1 axis facilitates chemotherapy resistance of CRL2631 cells to CHOP regimen, potentially in a PI3K/Akt1-dependent mechanism (Fig. 6F) .
Discussion
The data of the present study indicate that the active status of PD-1/PD-L1 axis is associated with the sensitivity of DLBCL cells CRL2631 to the conventional CHOP chemotherapeutic regimen, in which the PI3K/Akt1 pathway may be involved. A retrospective study assessed the association between PD-L1 expression level and overall survival rates in DLBCL, demonstrating that patients with PD-L1 + DLBCL exhibited poorer overall survival rates compared with patients with PD-L1 -DLBCL (17) . This suggests that the PD-1/PD-L1 pathway may be a prospective immunotherapy target in this distinct DLBCL subgroup.
As previously described (9-11), the application of CHOP led to a dose-and time-dependent cytotoxic effect on CRL2631 cells, demonstrated by a reduction in cell survival rate and increased level of cellular apoptosis. Nevertheless, the pre-treatment with rPD-1 significantly inhibited the CHOP-induced cytotoxic effects, suggesting that the overexpression of PD-1 may be involved in the development of resistance of DLBCL cells to chemotherapeutic treatment. Using a panel of PD-L1-expressing human and mouse breast and prostate cancer cell lines, it was identified that rPD-1 treatment resulted in resistance of the breast and prostate cancer 5-7,12) . Therefore, the role of the PD-1/PD-L1 axis in inducing cytotoxicity was verified in CRL2631 cells by knockdown of PD-L1. As expected, the data of the present study indicated that the inhibitory effect of rPD-1 on CHOP-induced cytotoxicity was not detected in PD-L1-deficient CRL2631 cells.
It has been demonstrated that the PI3K/Akt1 pathway serves a major role not only in tumor development but also in the potential response of the tumor to cancer treatment (15, 16) . The data of the present study revealed that the application of rPD-1 induced the activation of the PI3K/Akt1 pathway in CRL2631 cells, but not in the CRL2631 cells with PD-L1 knockdown. This implies that the over-activation of the PD-1/PD-L1 axis may upregulate the activity level of the PI3K/Akt1 pathway. Additionally, it was identified that the activity level of the PI3K/Akt1 pathway was markedly decreased in CHOP-treated CRL2631 cells, and that rPD-1 prevented the CHOP-induced reduction of PI3K/Akt1 activity level. Furthermore, PD-L1 knockdown indicated a synergetic effect with CHOP on reducing the activity level of the PI3K/Akt1 pathway. CHOP-induced cytotoxicity was also increased in PD-L1 knockdown cells. These results suggest that the interaction of PD-1 and PD-L1 may facilitate the occurrence of resistance to the CHOP regimen in DLBCL cells, in which the PI3K/Akt1 pathway may be involved. In the CRL2631 cells, it has been demonstrated that microRNA-21 knockdown significantly increased the cytotoxic effects of the CHOP regimen by reducing the PI3K/Akt1 activity level through targeting Phosphatase and tensin homolog (PTEN), an important negative regulator of the PI3K/Akt1 signaling pathway (9) .
Furthermore, the selective PI3K inhibitor BMK210 was applied to CRL2631 cells treated with CHOP alone or with CHOP and rPD-1. As described previously (11) , the activation of Akt1, the downstream effector of the PI3K, was significantly inhibited by BMK210. CHOP-induced cytotoxicity was decreased in rPD-1-treated cells, but this effect was abolished by the application of BMK210. Therefore, the data suggest that CHOP treatment downregulated the activity level of the PI3K/Akt1 pathway, leading to an induction of cellular apoptosis and reduction of cell survival, which was prevented by the pretreatment with rPD-1 but exaggerated by either knockdown of PD-L1 or the selective PI3K inhibitor BMK210. In the CHOP-treated PD-L1 knockdown cells, the increased apoptosis rate was prevented by the overexpression of constitutively active Akt1. Although the present study identified a novel concept; that the PD-1/PD-L1 axis activates the PI3K/Akt1 pathway, how the PD-1/PD-L1 axis activates Akt1 requires additional investigation. The overexpression of constitutively active Akt1 in the PD-L1-deficient cells decreased CHOP-induced apoptosis, indicating that PD-1/PD-L1 activation contributes to the chemoresistance to CHOP in CRL2631 cells, at least partially through the PI3K/Akt1 pathway. However, Akt1 knockdown assays are required to verify that Akt1 activation is necessary for the regulation of PD-1/PD-L1 in the sensitivity of DLBCL cells to the CHOP regimen. An additional point that should be noted is how the PI3k/Akt1 pathway is activated following rPD-1/PD-L1 stimulation in CHOP-treated CRL2631 cells. PTEN, a widely-expressed phosphatase protein, dephosphorylates phosphatidylinositol (3,4,5)-trisphosphate, resulting in the biphosphate product, phosphatidylinositol (3,4,5)-disphosphate. This dephosphorylation is important as it results in the inhibition of the Akt1 signaling pathway (18) . As a tumor suppressor, PTEN is decreased or lost in numerous types of cancer cells (18) . Therefore, if PTEN is associated with the enhancement of Akt1 activation by rPD-1 in CHOP-treated CRL2631 cells requires additional study. Taken together, the present study provides evidence that the over-activated PD-1/PD-L1 axis may facilitate the acquisition of the resistance of DLBCL to the classic CHOP chemotherapeutic regimen in a PI3K-dependent mechanism. However, the cytotoxic effect of individual drug should be evaluated independently. In vivo, cyclophosphamide is not an active cytotoxic agent, but its metabolite, 4-hydroxy cyclophosphamide, exhibits potent cytotoxic activity. Therefore, it is better to assess chemoresistance and the associated mechanisms of each drug though CHOP is commonly used as a regimen in a clinical setting. In addition, the present study only used one DLBCL cell line: The data obtained from CRL2631 cells requires additional evaluation in other DLBCL cell lines.
